A comprehensive atomic model for the reconstructed surface of Si 3 N 4 thin layer grown on Si (111) is presented. Kikuchi electron holography images clearly show the existence of adatoms on the Si 3 N 4 ͑0001͒͞Si͑111͒-͑8 3 8͒ surface. Compared with the ab initio calculations, more than 30 symmetryinequivalent atomic pairs in the outmost layers are successfully identified. Scanning tunneling microscopy (STM) images show diamond-shaped unit cells and nine adatoms in each cell. High-resolution STM images reveal extra features and are in good agreement with the partial charge density distribution obtained from total-energy calculations. DOI: 10.1103/PhysRevLett.86.2818 Silicon nitride ͑Si 3 N 4 ͒ film has been widely used for high-temperature ceramic and microelectronic applications due to its unique properties. Recently, as the scaling of ultralarge-scale integrated circuits continues into the nanometer regime to achieve high levels of integration and speed, ultrathin Si 3 N 4 and silicon oxynitride ͑SiO x N y ͒ films have become increasingly important for replacing silicon dioxide ͑SiO 2 ͒ as the gate dielectric material [1] . At present, the structural and electronic properties of Si 3 N 4 films grown on Si are the subjects of many theoretical [2] and experimental [3] papers.
Silicon nitride ͑Si 3 N 4 ͒ film has been widely used for high-temperature ceramic and microelectronic applications due to its unique properties. Recently, as the scaling of ultralarge-scale integrated circuits continues into the nanometer regime to achieve high levels of integration and speed, ultrathin Si 3 N 4 and silicon oxynitride ͑SiO x N y ͒ films have become increasingly important for replacing silicon dioxide ͑SiO 2 ͒ as the gate dielectric material [1] . At present, the structural and electronic properties of Si 3 N 4 films grown on Si are the subjects of many theoretical [2] and experimental [3] papers.
Si 3 N 4 films deposited on Si are usually amorphous. However, as an exception, a coherent Si 3 N 4 ͑0001͒͞Si͑111͒ interface can be formed using the thermal nitridation process, where a Si substrate is exposed to various nitrogencontaining gases such as NH 3 [4] [5] [6] , NO [7] [8] [9] , and N 2 [10] , or to N atom [11] or ion [12] beams at high substrate temperatures. This is related to a nearly perfect lattice match: The 2 3 2 cell of the Si(111) surface ͑a Si 3.84 Å͒ is only ϳ1.1% bigger than the unit cell of b-Si 3 N 4 ͑0001͒ ͑a b-Si 3 N 4 7.61 Å͒ [13] . Indeed, the ordered 8 3 8 surface superstructure of Si 3 N 4 ͞Si͑111͒ has been first reported by low-energy electron diffraction (LEED) studies [4, 11] . In the later scanning tunneling microscopy (STM) studies [5, 8, 10] , however, only a ϳ10.2 3 10.2 Å 2 (so-called
3 ) structure is observed. Several contradicting structural models have been proposed so far for the intriguing Si 3 N 4 ͑0001͒͞ Si͑111͒-͑8 3 8͒ surface, although none of them are conclusive [5] [6] [7] 10] .
In this Letter, a structural model is proposed by a combined study of Kikuchi electron holography (KEH), STM, and ab initio total-energy calculations. The observation of the adatoms with ϳ10 Å separation in the first atomic layer of the surface by KEH plays a key role in the determination of the structure. The clear diamond-shaped unit cells including nine adatoms were observed in the occupied-state STM images. With the nitrogen adatoms and the Si 3 N 4 rest layer on the Si(111) substrate as the starting model, we performed the energy minimization processes with ab initio calculations. The partial charge density distribution of our final structure shows a good correspondence with the STM images. Scanning tunneling spectroscopy (STS) was also used to measure the energy position of the observed occupied states in the STM images of adatoms. We found a peak at 4.2 eV below the Fermi level, which is consistent with the reported energy position of dangling N-2p electrons in the ultraviolet photoelectron spectroscopy (UPS) spectra [14, 15] , indicating that the observed adatoms are nitrogen atoms.
A sharp and well-ordered 8 3 8 LEED pattern was observed when the clean Si͑111͒-͑7 3 7͒ sample reacts with NH 3 gas at the temperature above 1100 K. The threedimensional structural information was reconstructed in a holographic inversion scheme by a Fourier transform of the Kikuchi patterns. To remove the artifact caused by the multiple scattering effects, we have measured a series of Kikuchi patterns at the beam energy between 78 and 340 eV and used the integral-energy phase-summing method developed by Wei and Tong [16] . The details of the KEH method are well described in our previous papers [17] . STM images were acquired with a commercial (Omicron) STM system. Normalized tunneling spectra ͓͑dI͞dV ͒͑͞I͞V ͔͒ were acquired with simultaneous measurements of dI͞dV -V (using a lock-in amplifier) and I-V curves, while temporarily opening the constant-current feedback loop.
Based on the three experimental facts we found in KEH and STM studies, we propose a new atomic model of 8 3 8 surface structure. The first fact has come from the off-normal KEH images. Figure 1 shows the reconstructed images using KEH study at z 0 Å (which means that the emitters and the scatters are in the same atomic plane) for three glancing angles of incidence (30 ± in Fig. 1(a) . Therefore the atomic pairs we found at 60
± and 70 ± are mostly originated from the surface. The distance between the emitter to the scatterer of the image spot 3 is about 10 Å. This distance is very close to the periodicity of the [5, 8, 10] . Meanwhile, in the original LEED patterns, the three-eighth fractional index spots are always much brighter [6, 11] than the others and persist as long as there is 8 3 8 surface structure. Therefore, this superstructure of adatoms is intrinsic, so does not depend on the purity of NH 3 gas or the preparation conditions as mentioned by Wang et al. [6] .
The second fact can be found in Fig. 2(a) , where we show the occupied-state STM image of an 8 3 8 surface taken at V s 24 V and I t 0.5 nA. Under these scanning conditions, we can observe not only the The side length of the diamond-shaped cell is about 31 Å, which is believed to be responsible for the formation of 8 3 8 ͑ 3.84 Å 3 8͒ LEED pattern. For the 8 3 8 surface, we need a high sample bias voltage ͑ഠ24 V͒ for atomic-resolution images, while the ͑7 3 7͒-reconstructed Si(111) surface could be imaged using a low sample bias because of its metallic character. The STS measurements ͓͑dI͞dV ͒͑͞I͞V ͔͒ displayed in Fig. 2(b) were taken on the 8 3 8 nitride surface and the Si͑111͒-͑7 3 7͒ surface before nitridation. In contrast to many Si dangling bond states observed on the Si͑111͒-͑7 3 7͒ surface (i.e., adatom dangling states and back-bond state) [18] , only a prominent occupied surface state is observed at ϳ24.2 eV below the Fermi level on the 8 3 8 surface, consistent with the STM imaging conditions. The measured band gap on the 8 3 8 surface is about 4 -5 eV, in good agreement with the calculated indirect band gap of b-Si 3 N 4 [13] . These results indicate that the occupied-state STM image corresponds to the spatial locations of the electronic state at 24.2 eV, and this state is completely different from the observed Si dangling states on the bare 7 3 7 surface. Interestingly, previous UPS studies [14] have identified this state as the dangling N-2p state, and it could be resolved only when the nitrided surface was annealed to the high temperature ͑ϳ1100 K͒ required to form the 8 3 8 ordering. The identification of N-2p has also been confirmed theoretically [15] . Therefore, from the STS results, we conclude that the ordering spots in the occupied state images correspond to the nitrogen adatoms.
For all of our KEH measurements, the incident electron beam follows the ͓112͔ direction of the Si(111) substrate, and all of the reconstructed atomic pairs including those in Fig. 1 appeared symmetric along this direction. This fact suggests that Si 3 N 4 rest layer has a mirror symmetry about the ͓112͔ direction of the Si(111) substrate. Indeed, the LEED patterns about the ͓112͔ direction show mirror symmetry as well as threefold rotational symmetry. The possibility of multiple-domain averaging effects can be ruled out since large-area STM images in our experiments support the formation of single-domain 8 3 8 surface. These results provide us the third reason to seek a new atomic structure model of the 8 3 8 surface.
The proposed atomic model is similar to the Si͑111͒-͑7 3 7͒ model, which consists of an upper adatom layer which caps the rest layer beneath. The rest layer before relaxation has 1 3 1 unit cell of Si 3 N 4 as shown in Fig. 3(a) . Repeated 1 3 1 unit cells form the circular feature, which has three high-level nitrogen atoms and three low-level nitrogen atoms on the alternative corner of a circle. On top of this rest layer, we include the nitrogen adatoms with the periodicity of 10.2 Å, as suggested by the KEH images, and performed ab initio total-energy calculations using the Vienna ab initio simulation package [19] . Until now, no total-energy calculations for this surface structure have been attempted because of the extreme difficulty of handling such a large number of two different kinds of atoms. For this calculation, we build a model using one layer of N adatoms, one rest layer of b-Si 3 N 4 ͑0001͒, and a twobilayer substrate of Si(111). The structure includes 137 N atoms (nine of them are adatoms) and 224 Si atoms in the 8 3 8 relaxed layer, 128 Si atoms in the Si(111) 1 3 1 substrate, and 64 H atoms were used to saturate the bottom Si dangling bonds. Figure 3(b) shows the atomic structure of the adatom layer and the rest layer after the total-energy calculations TABLE I. The comparison of the reconstructed atomic pairs identified in Fig. 1 with the theoretically expected position with adatoms. To avoid the complexity, we omitted displaying Si(111) substrate. The green and red solid circles are silicon and nitrogen atoms, respectively, and blue solid circles mark adatoms. As one can see in the left half of the diamond unit cell, three adatoms (1, 5, and 6) that lie on the top site of tetrahedral bonding in the rest layer do not disturb the basic feature of the underneath rest layer. However, in the right half of the unit cell, the adatoms sit approximately on the hollow site of the rest layer and have atomic bonds with two nitrogen atoms. The rest layer structure near these adatoms is extremely distorted. This uneven relaxation around adatoms results in the formation of a big diamond-shaped unit cell and the asymmetry of the left and right half of the unit cell. One unit cell is marked with the solid line. In this figure, each cell has the mirror symmetry axis along the long diagonal axis of the diamond as well as threefold rotational symmetry.
Compared with the atomic coordinates in our model, the atomic image spot 3 observed in Fig. 1 can be identified as the atomic pairs between adatoms (8-4) pair with the coordinate at ͓4.6, 7.7, 20.5͔ ͑Å͒. The atomic image spot 4 at ͓3.8, 6.5, 0.5͔ in Figs. 1(b) and 1(c) can be assigned to the atomic pair between adatoms (1-6) with the coordinate at ͓3.9, 6.8, 0.0͔ ͑Å͒. The weak features in Fig. 1 can also be assigned to the atomic pairs in our model. Within the accuracy of KEH, the agreement is very good. Table I shows the atomic pairs found in Fig. 1 along with the expected values from the ab initio calculations.
The high-resolution STM image ͑80 3 70 Å 2 ͒ taken at V s 24.0 V and I t 1.0 nA, as shown in Fig. 4(a) , displays an interesting feature of the surface. In the upper half of a diamond unit cell, there are three additional bright spots next to the adatoms and these six spots form a hexagon feature. To directly compare STM images with our model, we calculated partial-charge-density distribution (PCD) of our model. The results shown in Fig. 4 (b) present clearly separated diamond-shaped unit cells including nine adatoms (blue circles) as we observed in Fig. 2 . Meanwhile, in the upper part of each unit cell, there are three additional paired atoms (yellow circles) between adatoms, which is a unique feature that appeared only in the PCD result. These paired atoms belong to the rest layer, but have a similar electronic status with the adatoms. If we consider that these paired spots can be imaged as only one spot within the resolution of STM, high-resolution STM images in Fig. 4(a) show an excellent correspondence with our PCD results. Recently, Morita et al. also observed this hexagon feature in their high-resolution STM study [10] .
More than 30 reconstructed atomic pairs were successfully assigned compared with the theoretical results. The detailed list of the atomic pair comparison and the model description will be published elsewhere. The image spot 2 in Fig. 1(a) , which locates at ͓0.0, 1.64, 20.85͔ ͑Å͒ can be compared with the Si-N atomic pairs with tetrahedral bond, such as (c-d) ͓0, 1.55, 20.68͔ ͑Å͒ or (e-f) ͓0, 1.46, 21.1͔ ͑Å͒. We can calculate the Si-N tetrahedral atomic bond length from these pairs, which is the most prevailing pair in the rest layer. The calculated bond length is 1.70-1.83 Å, which is in excellent agreement with the previously reported results, 1.68 -1.78 Å [7, 20] .
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